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Effect of normal development on compensatory renal growth.
Sprague-Dawley rats were nephrectomized unilaterally or sham-
operated at 5, 12, and 40 days of age. The kidney weight, number
of glomeruli, GFR, and single nephron GFR (SNGFR) were de-
termined at about 60 days of age. In both sham-operated and
nephrectomized rats operated on at 5 and 12 days of age, the
kidney was studied with light microscope for 1 to 14 days. Uni-
lateral nephrectomy performed just before or just after com-
pletion of nephrogenesis or in adulthood did not result in forma-
tion of new nephrons. Renal structural development followed the
same pattern in nephrectomized and sham-operated rats. A com-
pensatory increase in renal size and GFR was inversely related
to the age at which the nephrectomy was carried out but was
more pronounced if nephrectomy had been performed just be-
fore rather than just after completion of nephrogenesis. In all
nephrectomized rats, the compensatory increase in filtration rate
appears to be the same in nephrons at all cortical levels judging
by comparison of SNGFR and GFR. Conclusion. Compensatory
renal growth does not involve the formation of new nephrons in
the postnatal kidney of the rat. The potentiation of compensatory
changes after nephrectomy at an early age is largely dependent
on the developmental stage of the kidney at the time of nephrec-
tomy.
Effet du développement normal sur l'hypertrophie corn-
pensatrice. Des rats Sprague-Dawley ont subi une néphrectomie
unilatérale ou un simulacre d'opération a 5, 12 et 40 jours d'âge.
Le poids du rein, Ic nombre de glomérules, les debits de GFR et
individuel GFR (SNGFR) ont etC déterminés a l'âge de 60jours.
Chez les rats opérés au 5e et au l2e jour de vie, Ic rein a etC
CtudiC en microscopie optique du 1cr au l4e jour, chez les ani-
maux nephrectomisCs comme chez les sham. La néphrectomie
unilatCrale réalisée juste avant ou juste aprCs l'achèvement de Ia
nephrogenCse ou a l'âge adulte n'entraIne pas La formation de
nouveaux nephrons. Le développement du rein suit les mCmes
modalités chez les animaux nCphrectomisés et les contrôles.
Une augmentation compensatrice de Ia taille du rein et de GFR
est en relation inverse avec l'âge auquel Ia nCphrectomie est
rCalisCe, mais elle est plus pronouncée si Ia nCphrectomie est
faite immddiatement avant plutôt qu'immCdiatement après
l'achèvement de Ia nephrogenese. Chez tous les rats néphrecto-
misCs l'augmentation compensatrice du debit de filtration paraIt
être le mCme a tous les niveaux du cortex si l'on en juge par La
comparaison de SNGFR et GFR. Conclusion. L'hypertrophie
compensatnce n'implique pas Ia formation de nouveaux néph-
rons dans Ic rein du rat après Ia naissance. La potentialisation
des modifications compensatrices après nCphrectomie a un age
jeune depend largement du stade de développement auquel est
parvenu le rein.
29
Unilateral nephrectomy results in compensatory
hypertrophy of the contralateral kidney [1]. The de-
gree of compensatory adaptation, measured as an
increase in kidney weight or as an increase in GFR,
is dependent on the age of the animal at the time of
unilateral nephrectomy. Thus, the remaining kidney
of animals nephrectomized in infancy is larger [2-7]
and has a higher GFR [6, 8] than does that of ani-
mals nephrectomized in adulthood. Some studies
indicate that the compensatory adaptation in young
animals is due to the formation of new nephrons [9-
14]. This interpretation, however, is disputed [3].
Although Bonvalet et al [9] reported an increased
number of nephrons in rats nephrectomized as late
as the 48th day of life, Kaufmann, Hardy, and
Hayslett [3] failed to demonstrate new formation of
nephrons in rats nephrectomized at the age of 5
days. It has been suggested that compensatory re-
nal growth results from the formation of new neph-
rons only if unilateral nephrectomy is performed be-
fore normal nephrogenesis is complete [14].
The aim of the present study was to further eluci-
date the effect of normal growth on compensatory
growth. For this reason, the size and the function of
the remaining kidney from Sprague-Dawley rats
nephrectomized unilaterally in infancy and adult-
hood was studied. In the infant rat, two develop-
mental stages of the kidney were studied: the period
just before completion of nephrogenesis and the pe-
riod just after completion of nephrogenesis. With
histologic techniques, the completion of nephrogen-
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esis in rats can be shown to occur at the age of 7 to 8
days [15]. The rats were therefore nephrectomized
at either 5, 12, or 40 days of age. A comparison be-
tween the degree of compensatory increase in renal
size and function that occurs when nephrectomy is
carried out at these three different ages was made
when the rats were around 60 days of age. If com-
pensatory growth in young animals is based on the
formation of new nephrons, this implies that
changes in normal differentiation of renal tissue can
occur postnatally. This possibility was examined in
the rats nephrectomized at the ages of 5 and 12
days. In these rats, the structural development of
the most immature nephrons in the remaining kid-
ney ito 14 days after nephrectomy was evaluated in
serial sections of entire kidneys.
Methods
The studies were performed on Sprague-Dawley
rats that were separated from their litters at the age
of 18 days and were then fed food and water ad lib.
Unilateral nephrectomy (Nx) and sham-operation
(SO) were performed at the ages of 5, 12, and 40
days. Renal function, kidney size, and glomerular
counts were studied at the age of 55 to 65 days. Ani-
mals nephrectomized unilaterally and sham-oper-
ated at 5 and 12 days of age were taken from the
same litter. Light microscopy studies were per-
formed on the remaining kidney from two to three
rats nephrectomized and sham-operated on day 5
and sacrificed on day 6, 7, 8, 9, 13, 17, or 19 and
from two to three rats nephrectomized on day 12
and sacrificed on day 16, 19, or 26.
Unilateral nephrectomy and sham-operation
were performed under light ether anesthesia. After
a small flank incision was made, the pedicle of the
right kidney was tied, and the kidney was removed.
Care was taken not to damage the adrenal gland.
The muscle and skin were then sutured. The sham-
operated animals were subjected to the same surgi-
cal procedure as were the experimental rats, except
that the renal pedicle and the kidney were not
touched.
Renal functional studies. The animals were
anesthetized i.p. with mactin® (80 mg/kg; Promon-
ta, West Germany), tracheotomized, and placed on
a thermostatically-controlled micropuncture table.
One femoral vein and one carotid artery were can-
nulated.
Polyfructosan-S (mutest®, Laevosan-Gesellshaft)
was used as an indicator of GFR. A solution con-
taining 5% mutest in isotonic saline was given in
a prime dose, 10 pJ/g of body wt, followed by a con-
tinuous i.v. infusion of the same solution, 10 d/g
body wt/hr. The infusion was started 45 mm before
the experiment. Rats were prepared for micro-
puncture by the left flank approach. The kidney was
exposed with a subcostal incision. The remaining
tissues were covered with gauze wet with normal
saline. The kidney was gently dissected free from
the perirenal fat, the adrenal gland, and the con-
necting tissue without stretching the renal pedicle.
The kidney was then placed in a plastic (Lucite)
cup, continuously perfused with prewarmed miner-
al oil and illuminated with a fiber optic light source.
The ureter was cannulated with a polyethylene
catheter that was advanced almost to the entrance
of the renal pelvis. Urine was collected for two 20-
mm periods. During urine collections, four to eight
proximal tubules were randomly punctured for de-
termination of the single nephron glomerular filtra-
tion rate (SNGFR). The details of the micro-
puncture technique used in this laboratory have
been described in detail elsewhere [16]. The micro-
puncture samples were transferred to glass capillar-
ies with constant diameter where the length of the
sample was determined under a stereomicroscope.
During the collection of urine and tubular fluid, two
SO-pi arterial blood samples were taken. Poly-
fructosane in urine and plasma was analyzed with
the Anthron method [17]. After the study was com-
pleted, the kidney was removed and weighed, and
the animal was sacrificed. The size of this kidney,
measured in this part of the study, is the one record-
ed in Table 2. The average values for SNGFR and
GFR from each rat were used for calculation of the
mean group values in Table 3.
Light microscopy. Unilaterally nephrectomized
animals and control animals were anesthetized as
described above. A solution containing 3% gluta-
raldehyde in 0.1 M sodium cacodylate buffer (pH,
7.2) and containing 4% dextran was then perfused
through the heart, as previously described [18].
Some of the animals were perfused with 10% for-
malin. All kidney tissue was then placed in the same
fixative as perfused for 2 hours. After this, pieces of
the glutaraldehyde-fixed kidneys were placed in a
solution containing 1% osmium tetroxide in Veronal
acetate buffer (pH, 7.2) for 30 mm. Then, they were
rinsed in Veronal acetate buffer before they were
dehydrated in acetone and embedded in Vestopal.
The glutaraidehyde-fixed kidney was cut in 1-pm-
thick sections. In each animal, usually 300 consecu-
tive serial sections were cut perpendicular to the
renal surface and then another series of 300 sections
was cut at a distance of 1 mm from the first series of
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sections. The l-m-thick sections were stained with
toloudine blue. All formalin-fixed kidneys were kept
intact as whole kidneys and then dehydrated in an
increasing concentration of alcohol and embedded
in paraffin. The paraffin-embedded kidneys were
serially sectioned through the entire kidney. Each
section had a thickness of about 10 m. The sec-
tions were stained with eosin and hematoxylin or
van Giemsa. Paraffin-embedded sections, as well as
Vestopal-embedded sections, were examined with a
light microscope, and parts of the section were then
photographed.
Glomeruli counting. A modification of the meth-
od described by Damadian, Schwayri, and Bricker
[19] was used. The glomeruli were marked in vivo
by injecting I to 2 ml of India ink in the descending
aorta just above the origin of the renal arteries. Im-
mediately after the injection, the aorta was clamped
and the left kidney was removed. The kidney was dis-
sected free of perirenal tissues, the renal capsule
was removed, and the kidney was weighed. The pa-
renchyma was cut into small pieces. Each kidney
half was digested in 4 ml of 19% hydrochloric acid
during 1.5 to 2.0 hours. During digestion, the vial
was gently agitated by hand to obtain a homoge-
neous suspension. The digest was then diluted with
distilled water up to an amount of 10 ml. From this
solution, ten samples of 100 l each were pipetted
for counting the ink-marked glomeruli under a light
microscope. The person counting did not know if
the samples were from a nephrectomized or a sham-
operated animal. Ten aliquots from each half of a
kidney were counted, and the coefficient of varia-
tion (SD/mean x 100) averaged 10.9 0.6 in 30 de-
terminations. The coefficient of variation was small,
which shows that the method used for counting was
sufficiently accurate.
Student's (test was used for statistical analysis.
Results
During the development of the kidney, immature
nephrons are located just below the renal capsule,
and mature nephrons are located close to the renal
medulla [15, 20]. Early developmental stages of the
nephron, such as S-shaped bodies, were found in
the outer cortex until day 5 of life (Fig. 1). In this
and in previous studies 115], we were unable to
demonstrate S-shaped bodies in normal rats older
than 5 days. In 6- or 7-day-old normal rats, the most
immature nephron corresponded to stage III neph-
rons 115] and exhibited a glomerulus with a few cap-
illary loops (Fig. 2) and a proximal tubule with irreg-
ular brush border. In control rats aged 8 to 9 days,
the least mature nephrons corresponded to develop-
mental stage IV [15], with a glomerulus that was
round in shape, and contained more capillary loops
than did stage III nephrons. The proximal tubules of
this developmental stage had an even brush border
around the small tubular lumen. The remaining kid-
ney in rats nephrectomized at the age of 5 days fol-
lowed the same developmental pattern as did the
kidneys in control rats; thus, the least mature neph-
rons were always observed just below the renal cap-
sule (Fig. 2). Early developmental stages of neph-
rons, such as renal vesicles and S-shaped bodies,
were not found in any of the kidneys examined 1 to
4 days after a unilateral nephrectomy in 5-day-old
animals (Figs. 3 and 4). Kidneys from animals ne-
phrectomized on day 5 and studied under the light
microscope on postnatal days 13, 17, and 19, as well
as kidneys from animals nephrectomized on post-
natal day 12 and examined on days 16, 19, and 26,
contained nephrons at developmental stages IV or
V (adult types of nephrons).
The remaining kidney from 55- to 65-day-old rats
nephrectomized at the ages of 5, 12, and 40 days
contained about 30,000 nephrons (Table 1). No sig-
nificant difference in the number of nephrons was
noted in any case between the various experimental
groups or the control groups.
The degree of compensatory increase in kidney
weight (Table 2), GFR, and SNGFR (Table 3) were
determined when the rats had reached the age of 55
to 65 days. In all unilaterally nephrectomized rats,
the remaining left kidney was significantly larger
than was the left kidney of the sham-operated rats.
The GFR appeared to be increased in proportion to
the size of the kidney in the rats subjected to unilat-
eral nephrectomy. The degree of compensatory in-
crease in kidney size and GFR was indirectly re-
lated to the age at which the nephrectomy was car-
ried out. This age-dependent potentiation of
compensatory increase in kidney size and GFR,
however, was much more pronounced when ne-
phrectomy was carried out at 5 days of age instead
of 12 days of age. Thus, kidney weight was 21%
greater and the GFR was 23% higher in the rats
nephrectomized at the age of 5 days than they were
in those nephrectomized at the age of 12 days,
whereas the kidneys of the rats nephrectomized at
12 days were 7% greater and filtered 8% more than
in those nephrectomized at 40 days. Rats nephrec-
tomized at the age of 5 days had significantly larg-
er kidneys (P < 0.001) and a higher total GFR (P
<0.02) than did those nephrectomized at 40 days of
age. The difference in the total GFR between the
RC
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Figs. 1—4. Light micrographs of renal cortex just beneath the ren-
al capsule (RC) taken from 1-pm-thick Sections cut per-
pendicular to the renal surface (magnification in all figures, x
430).
Fig. 1. Part of the renal cortex from a 5-day-old control animal.
Glomerular anlages (Gil) from two S-shaped bodies are seen.
Proximal tubules (PT) with apparently mature structure are seen
deeper in the cortex. CT denotes collecting tubule.
rats nephrectomized at 12 and 40 days of age was
not significant, although the difference in kidney
weight between these two groups was of borderline
significance (P <0. 1). The quotient between the re-
corded SNGFR and the total GFR was the same in
all groups studied.
Discussion
The time required for completion of nephrogene-
sis in the rat has until recently been controversial.
Arataki stated in 1928 that in the albino rat new
nephrons could be formed up to the age of 3 weeks
[21]. This report is still widely quoted. It is, how-
ever, not quite clear which criteria Arataki used to
define the completion of nephrogenesis. To be able
to define more precisely the completion of neph-
rogenesis, the reader should keep in mind the devel-
opment of the nephron. The ureteric bud induces
the formation of the very first developmental stage
Fig. 2. Part of the renal cortex from a 6-day-old control animal.
Glomerular anlages of stage III nephron (Gill) and stage IV
nephron (GIV) are seen. Note that S-shaped bodies are not pres-
ent. PT denotes proximal tubules.
of the nephron, the renal vesicle from metanephro-
genic tissue [15, 20]. The renal vesicle then devel-
ops into an S-shaped tubule, which joins the ure-
teric bud. The S-shaped tubule subsequently gives
rise to the glomerulus, the proximal tubule, the loop
of Henle, and the distal tubule, whereas the ureteric
bud develops into the collecting tubule. By dichoto-
mously branching, the ureteric bud induces the for-
mation of several nephron generations. The most
mature nephrons have a juxtamedullary position,
whereas the least mature nephrons are located in
the superficial region of the renal cortex. By the use
of new techniques for the preservation of devel-
oping tissue, it has recently been shown in the Wis-
tar rat that the most immature nephrons at a post-
natal age of 8 days have glomeruli and proximal tu-
bules with the major characteristics of the adult
nephron, and that they function [15]. Furthermore,
it has been shown that at this age metanephrogenic
tissue is no longer available for the formation of
new nephrons. Because it has been found in this
study that the Sprague-Dawley rat develops in the
same manner as do the Wistar rats, the time Fe-
RC
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Fig. 3. Part of the renal cortex from a 7-day-old animal nephrec-
tomized at 5 days of age. Only glomerular anlages of stage HI
(Gill) and stage IV nephrons (GIV) are seen. PT denotes proxi-
mal tubule.
Table 1. Number of glomeruli in 60-days-old nephrectomized and
control ratsa
Age at nephrectomy
days Glomeruli in left kidney
No. of rats
studied
5
12
40
Control rats
30,355
27,550
32,000
28,400
1300
960
1030
1840
7
8
6
8
Values are means 1 SEM.
Table 2. Kidney weight (KW) in relation to body weight (BW) in
60-days-old nephrectomized and sham-operated ratsa
Age at operation
days
Left KW/BW, %
Nx SO
5 0.74 0.02 0.43 0.01
P <0.001
12 0.61 0.02 0.37 0.02
P <0.001
40 0.57 0.02 0.42 0.01
P <0.001
a Values are means I SEM. Nx denotes nephrectomy; SO,
sham operation. N = 5 in all groups.
Fig. 4. Part of the renal cortex from a 9-day-old animal nephrec-
tomizedat5 days of age. A glomerulus (GIV) of a stage IV neph-
ron is seen. Several proximal tubules (PT) with open tubular lu-
mens are located just below the renal capsule (RC).
quired for completion of nephrogenesis in Sprague-
Dawley rats can also be pinpointed at 7 to 8 days.
The present study failed to show any early devel-
opmental stages of nephrons, such as renal vesicles
and S-shaped tubules, on serial sections of the en-
tire remaining kidney from rats unilaterally ne-
phrectomized at 5 days and studied on postnatal
days 7, 8, and thereafter. The same result was ob-
tained in rats nephrectomized at 12 days and stud-
ied on day 16 and subsequent days. It can therefore
be concluded that unilateral nephrectomy per-
formed either just before or after completion of
nephrogenesis does not result in an increased num-
ber of nephrons in the contralateral kidney. This
conclusion is further supported by the present ob-
servations that the number of nephrons in the re-
maining kidney in adult rats was the same as it was
in control rats, regardless of whether unilateral ne-
phrectomy was performed at 5, 12, or 40 days of
age. Kaufmann, Hardy, and Hayslett have also
failed to demonstrate the formation of new neph-
rons in Sprague-Dawley rats nephrectomized at the
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Table 3. GFR and SNGFR in 60 days old nephrectomized and sham-operated ratsa
Left kidney SNGFR
.
Age at operation
days
mlIlOO gBW/min pJ/I00 g BWImin SNGFRIGFRX 10
Nx SO Nx SO Nx SO
5 0.79 0.04 0.38 0.01
P <0.001
22.1 1.2 10.3 0.8
P <0.001
27.6 2.7 26.9 0.8
0.6 >P>O.5
12 0.64 0.08 0.41 0.02
0.05 > P > 0.02
17.9 1.6 10.3 0.8
0.01 > P > 0.001
30.0 3.7 25,3 1.6
0.2 > P > 0.1
40 0.59 0.05 0.37 0.01
0.01 > P > 0.001
15.1 1.0 10.3 0.6
0.01 > P > 0.001
26.4 3.4 28.2 1.5
0.7 > P > 0.6
a Values are means 1 SEM. N 6 in all nephrectomized (Nx) groups and 5 in all sham-operated (SO) groups. BW is body weight.
ages of 5 and 21 days and in Wistar rats nephrecto-
mized at the age of 22 to 25 days [3]. in contrast,
several other investigators have reported that uni-
lateral nephrectomy results in the formation of addi-
tional nephrons in the young rat but not in the adult
rat [9—14]. It has therefore been suggested that
young rats can form new nephrons because neph-
rogenesis is not completed while nephrogenic tissue
is still available. It is noteworthy, however, that
Bonvalet et al were able to demonstrate the forma-
tion of new nephrons in rats nephrectomized at
such a late age as 48 days [9], because there is no
evidence that metanephrogenic tissue is present at
this age. The observation that compensatory hyper-
trophy in the young rat results from the formation of
new nephrons may therefore be due to a methodolo-
gic artifact. Most previous investigators have used
only the method of Damadian et al [19] to answer
the question whether additional nephrons form after
nephrectomy in the growing rat. Only well-devel-
oped and functioning nephrons can be detected with
this method. It is therefore theoretically possible
that the greater number of nephrons found by Bon-
valet et al in the young nephrectomized Wistar rats
may reflect an accelerated development of structure
and function of preexisting nephrons [9].
One of the most common errors with the method
of Damadian et al is over-digestion of the kidney,
which tears the glomeruli and may result in an erro-
neously high glomeruli count. It is probable that
over-digestion occurs more easily in the immature
kidney because this type of tissue is more fragile. In
the present study, glomeruli counting was per-
formed in all rats at an age of 55 to 65 days; but in
the study that reported the new formation of neph-
rons, glomeruli counting was generally performed
at an earlier age. It is therefore possible that errors
in the method of glomeruli counting may account
for some of the discrepancies in the results. In the
present study, as well as in that by Kaufmann et al
[3], the random variation in glomeruli counting was
less than it was in the studies reported by Bonvalet
et al [9], which also may indicate difficulties in the
technique of Damadian et al when used in young
animals.
Although the qualitative structural characteristics
of the remaining kidney did not differ much in rats
nephrectomized at 5, 12, or 40 days, the degree of
structural, as well as of functional, hypertrophy was
dependent on the developmental stage at which uni-
lateral nephrectomy was performed. This confirms
previous observations in experimental animals [2-
7]. in earlier studies on the effect of age on renal
compensatory hypertrophy [6, 22], the postnatal
growth cycle of the kidney has generally been di-
vided ihto the following phases: (1) the kidney
grows mainly by cellular hyperplasia, (2) the kidney
grows by cellular hyperplasia and hypertrophy, and
(3) the kidney grows mainly by cellular hyper-
trophy. In the rat, the first period extends from birth
until day 14 of life, the second period from day 14
until day 40 of life, and the third period from day 40
of life [23]. Our structural studies have allowed us
to subdivide the first growth phase in rats into: (a) a
period that extends from birth to day 6 of life, where
new nephrons are still formed and the cellular dif-
ferentiation is rapid; (b) a period that extends from
day 7 to 14 of life, where nephrogenesis is com-
pleted and cellular differentiation proceeds at a
slower rate than it did previously. When the final
magnitude of compensatory increase in renal size
and function was compared between rats nephrec-
tomized in stages la, lb, and 3, it became apparent
that the potentiation of compensatory growth that
occurred during normal growth was most pro-
nounced when nephrectomy was performed in stage
Ia, because a much greater loss of compensatory
capacity results from postponing nephrectomy 1
week from age 5 days to age 12 days than it does
from postponing it 4 weeks from day 12 to day 40.
The rapid deceleration of renal compensatory hy-
pertrophy during the days just before and after the
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completion of nephrogenesis may suggest that the
most immature nephrons have a greater potential
for compensatory growth than do the more mature
nephrons. This view, however, is challenged by the
observation that the quotient between the SNGFR
and the GFR was the same in all rats studied. The
SNGFR was determined in the most superficial
nephrons—that is, those which mature last. One
would therefore have expected the SNGFR-GFR
quotient to be highest in the rats nephrectomized at
5 days. Because this was not the case, the potentia-
tion of compensatory growth in rats nephrecto-
mized at 5 days might instead have been due to
some general growth factor that stimulated the kid-
ney and acted on all nephrons at this stage of devel-
opment.
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